Introduction
Atriplex spp. (saltbush) is a xerohalophyte that belongs to the subfamily Chenopodiaceae and family Amaranthaceae (http://www.mobot.org/MOBOT/research/APweb/). Saltbush is able to produce huge biomass (Glenn et al., 1999) . In addition, it has been utilized as livestock fodder with good protein content (Khan et al., 2000) . Natural populations of the Mediterranean saltbush (A. halimus L.) are distributed in subhumid and arid regions including North Africa and the Arabian Peninsula (Le Houerou, 1992; Al-Turki et al., 2000 ; http://ww2.bgbm. org/herbarium/). They have evolved many adaptation mechanisms and physiological responses to cope with different abiotic stresses (Sadder et al., 2013) .
Water deficit is a major stress caused by limited water availability in soil; however, it can also be induced by salt stress. Generated stress signals usually activate controlling pathways in plants for ionic/osmotic homeostasis and detoxification (Rodríguez-Milla and Salinas, 2009; Li et al., 2013) . Dehydrins (DHNs) are plant proteins that belong to the "late embryogenesis abundant II" group. They play a fundamental role in plant response and adaptation to multiple abiotic stresses (Hanin et al., 2011) . DHNs were found to be associated with drought stress in olives (Tripepi et al., 2011) , with osmotic stress in tea (Paul and Kumar, 2013) and with salt stress in Physcomitrella patens (Ruibal et al., 1012) and tomatoes (Muñoz-Mayor et al., 2012) . In addition, they were found associated with cold stress in soybean (Yamasaki et al., 2013) and spinach (Chen et al., 2012) .
DHNs contain several hydrophilic residues. Any reduction in hydration or increase in compatible solutes can lead to conformational and functional changes (Danyluk et al., 1998; Hanin et al., 2011) . DHN in α-helical conformation displays amphipathic protein-protein or protein-membrane interactions. Therefore, DHN can protect other proteins from further loss of water envelope (Koag et al., 2003) . Furthermore, DHNs can elevate tolerance through radical-reducing activity, where H, R, and other reactive residues on their surfaces exhibit reactive oxygen species (ROS) scavenging ability (Hanin et al., 2011) . The interactions of a residue with ROS can lead to oxidation of the residue, and thus DHNs can function as antioxidants (Hara et al., 2013) . Moreover, DHNs can maintain cellular structure by acting as space-fillers between intracellular complexes (Tunnacliffe and Wise, 2007) . This study was carried out to clone and characterize a novel DHN gene from A. halimus.
Materials and methods

Plant material
Saltbush (Atriplex halimus L.) seeds were obtained from the Al-Jouf region of northern Saudi Arabia. Seeds were surface-sterilized and germinated on MS medium (Murashige and Skoog, 1962) . The clone PTC1 was further propagated in culture vessels containing MS medium. Cultures were grown in a growth chamber with photoperiod of 16 h of light, temperature of 22 ± 2 °C, and light intensity of 70 µmol m -2 s -1
. Shoots were subcultured every 45 days into fresh medium using nodal cuttings.
AhDHN cloning
Total RNA was isolated using a dedicated kit (QIAGEN, USA). First-strand cDNA was generated by reverse transcriptase (Promega, USA). The A. halimus DHN gene (AhDHN) was amplified using specific primers (Table 1) , which were designed based on DHN from a related species, A. canescens (AcDHN), with GenBank accession number JN974246. UTR fragments were amplified using the SMART cDNA kit (Clontech, USA). PCR amplifications were carried out in 50-µL volumes, separated with gel electrophoresis, and strained with SYBR Gold (Life Technologies, USA). DNA fragments were excised out with a scalpel under safe blue light. They were recovered from gel pieces using Wizard Gel and the PCR CleanUp Kit (Promega, USA). Fragments were cloned into the pGEM vector (Promega) and transformed with heat shock into E. coli DH5α cells (Stratagene, USA). Competent E. coli cells were chemically prepared with CaCl 2 (Sambrook et al., 1989) . Putative colonies with recombinant plasmids were selected over LB plates containing ampicillin, IPTG, and X-Gal (Sambrook et al., 1989) . Plasmids were isolated from overnight cell cultures from selected clones using the Plasmid Miniprep System (Promega, USA). Clones were sequenced with the Sanger method using an ABI 3730 sequencer (ABI, USA). The AhDHN sequence was deposited in GenBank (https://www.ncbi.nlm.nih.gov/ genbank/) with nucleotide accession number (KF578414) and protein accession number (AGZ86543).
AhDHN protein characterization
Protein secondary structure was predicted using Phyre2 software (Kelley and Sternberg, 2009) . Protein features and predicted 3-dimensional structure were analyzed with the PSIPRED server hosted at University College London (Buchan et al., 2010) . Protein tertiary structure was visualized with PyMOL Molecular Graphics System software, version 0.97 (DeLano Scientific LLC, USA).
DHN protein sequences from related plant species were retrieved from GenBank (https://www.ncbi.nlm. nih.gov/genbank/). Sequences were aligned using the ClustalW multiple alignment function available in BioEdit (Hall, 1999) . Aligned sequences were used to generate 100 replicates using the SEQBOOT function available in PHYLIP (Felsenstein, 1989) . Bootstrapped data were subjected to the parsimony method using the PROTPARS function, where a global rearrangement was selected. An extended majority rule consensus tree was generated using the CONSENSE function and plotted using TreeView software (Page, 1996) .
AhDHN gene expression
The expression of AhDHN gene was assessed in 30-dayold plantlets from in vitro cultures. Expression of saltresponsive genes was found to be more prominent at the 150 mM NaCl level than at either 300 or 600 mM (Sadder et al., 2013) . Therefore, the plantlets were exposed to 150 mM NaCl salinity stress for 1 night (16 h). Total RNA was isolated from both stressed and control tissues (leaves and roots), respectively. The expression was measured using quantitative real-time PCR (qPCR) with 3 biological replicates. First-strand cDNA was generated by reverse transcriptase (Promega). The AhDHN gene was amplified with specific primers using SYBR Green Mix (QIAGEN), while actin 1 was used as a reference gene ( Table 1 ). The qPCR data were collected with an Applied Biosystems 7500 thermal cycler (ABI). Thermal cycling conditions were 10 min at 95 °C, followed by 40 cycles of 15 s at 95 °C and 30 s at 60 °C. The fold change in expression (stressed compared to control) was determined using the comparative C T method (Livak and Schmittgen, 2001) . Means with error bars of a 95% confidence interval (95% CI, z score = 1.96) were calculated using the following equations:
Results
The full length of AhDHN was successfully cloned from A. halimus. All possible combinations of primer pairs were screened (Table 1 ). There were 3 forward primers (F1-F3) and 3 reverse primers (R1-R3). The primer combination F2 with R3 gave a product that was cloned and sequenced ( Figure 1 ). UTR primers were designed and used to amplify both ends (Figure 1) . Finally, an open reading frame (ORF) primer pair was used to amplify the entire ORF of AhDHN (Figure 1 ). The sequence of the ORF of the AhDHN gene is shown in Figure 2 .
The deduced AhDHN protein has 234 amino acid residues that form a 26.77-kDa polypeptide with a predicted isoelectric point of 6.14. The calculated AhDHN features revealed 24.79% negative residues and 19.23% positive residues. The net charge was -3.81, while the hydrophobicity value and aliphatic index were -1.55 and 43.72, respectively.
A pore-lining stretch was predicted for amino acids 127-142 (Figure 3 ). The predicted tertiary protein structure revealed a major core and a long tail structure ( Figure 4A ). The predicted pore-lining amino acid stretch was highlighted in the core of the tertiary protein structure ( Figure 4B ). Major DHN protein segments were noticeable in AhDHN based on plant homologs (Lee et al., 2005) . These include 1 S-segment and 3 K-segments. Prediction of the secondary structure for AhDHN polypeptide revealed 9 α-helices and 2 β-strands ( Figure 5 ). The K1 segment was found to contain an α-helix that was stretched over 5 amino acids (M104-I108). The K2 segment has a longer α-helix stretching over 8 amino acids (F164-K171). On the other hand, the secondary structure prediction tool could detect a short helix for the K3 segment (D210-K211).
The amino acid sequence of AhDHN was aligned with its homolog from A. canescens (AcDHN) (Figure 6 ). The alignment revealed major sequence variants between the 2 proteins. The K2 segment exhibited amino acid changes (LG into VE), while the remaining segments (S, K1, and K3) were conserved with 100% sequence similarity. In addition, 3 gaps were observed in AhDHN as compared to AcDHN. The first gap was just 1 amino acid long, the second was 7 amino acids long, and the third was a stretch of 101 amino acids long. These gaps can have profound modifications in the tertiary protein structure. On the other hand, 1 small gap (3 amino acids long) was detected in AcDHN as compared to AhDHN.
The nucleotide sequence of the AhDHN gene was subjected to blastx (http://blast.ncbi.nlm.nih.gov/Blast. cgi). Several plant DHN homologs were detected. They were arranged in ascending order based on e-values ( Table  2 ). The first hit was from a related species (A. canescens), the second and the third hits were from a related genus (Suaeda), and the fourth hit was from another related genus (Spinacia). All plant species of these first 4 hits belong to the same family as A. halimus, which is Amaranthaceae. The remaining hits belong to other groups: Papilionoideae, Rosaceae, Malpighiales, Brassicaceae, and Solanaceae. The alignment length varied from one hit to another and the longest was again for A. canescens. Additional hits with long alignments were found for Trifolium repens, Lotus japonicus, and Malus domestica. However, they showed several mismatches of up to 90, 112, and 121 bp, respectively.
The AhDHN protein sequence was subjected to multiple alignment with 21 homologs from different plant species. Multiple alignment was used to generate a parsimony phylogenetic tree (Figure 7) . DHN from Opuntia streptacantha did not cluster with any other homolog. Nonetheless, the tree revealed 2 major clades. The first grouped all DHNs from the family Amaranthaceae (A. halimus, A. canescens, Spinacia oleracea, Suaeda salsa, and S. glauca) . Both A. canescens and S. oleracea were clustered together in a subclade with A. halimus in an upper level subclade. The second major clade clustered all other homologs from the remaining plant species.
To investigate the expression of the AhDHN gene in the Mediterranean saltbush, in vitro plantlets were exposed to salinity stress. Expression data were measured by qPCR. The data showed that the AhDHN gene was almost equally expressed in both shoots and roots under control conditions (unstressed plants). Such a pattern resembles the baseline expression level of DHN ( Figure  8 ). However, under salinity stress, the expression level of AhDHN jumped 7-fold in root tissue as compared to the control. This expression was 10-fold higher in roots when compared to shoots under salinity stress.
Discussion
A new DHN gene from A. halimus was cloned and characterized. In some plants, only one DHN gene is available, e.g., OsDhn1 in rice (Lee et al., 2005) . On the other hand, multiple DHN genes were identified in other plant species, such as Jatropha curcas, which has 2 genes, JcDHN-1 and JcDHN-2 (Omar et al., 2013) . Close (1996) classified plant DHNs into 5 classes: Y n SK n , Y n K n , SK n , K n , and K n S. However, the domain organization of the DHN protein family (PF00257) revealed 12 distinguishable architectures according to the Pfam protein families database (Punta et al., 2012) . The predicted AhDHN protein sequence has SK 3 class architecture (1 S-segment and 3 K-segments). This is similar to that of Arabidopsis, wheat, citrus (Hanin et al., 2011) , and rice (Lee et al., 2005) . Other class architectures of DHNs can be found in other plants, e.g., K 9 in barley and YSK 2 in maize (Hanin et al., 2011) . Moreover, certain plant species can possess multiple DHN class architectures, e.g., poplar , soybean (Yamasaki et al., 2013) , and tea (Paul and Kumar, 2013) . In a study of DHNs in Oxytropis spp., Archambault and Strömvik (2012) reported tandem duplications of the Y-segment, which can lead to high gene expression in Arctic plant species. Nonetheless, no single Y-segment (DEYGNP) could be detected in the herein described AhDHN nor in its homolog, AcDHN (Figure 3) . A transmembrane pore-lining stretch in AhDHN was assigned for the residues I127-Y142 (Figures 5 and  6 ). In fact, DHNs were recorded to be localized to plasma membranes during cold acclimation in wheat (Danyluk et al., 1998) and in Thellungiella salsuginea (Rahman et al., 2013) . Borovskii et al. (2002) found that DHNs can accumulate in mitochondria in response to cold, freezing, and drought in cereals. At the subcellular level, DHNs were detected in the plasma membrane, cytoplasm, and nucleus in Chenopodium quinoa (tribe Atripliceae) (Carjuzaa et al., 2008) . On the other hand, DHNs were not found to be associated with membranes but rather with chromatin in Euterpe edulis (Panza et al., 2007) . Likewise, Vigna radiata DHN (VrDhn1) was immunolocalized in the nucleus, suggesting that it may interact with DNA (Lin et al., 2012) .
Expression analysis of the AhDHN gene found, in part, an association with salinity stress in Mediterranean saltbush. DHN expression in related spinach Spinacia oleracea was illustrated to have a role in tolerance to osmotic stress (Chen et al., 2012) . Likewise, Lee et al. (2005) found that the expression of rice OsDhn1 was associated with salinity and other abiotic stresses. Tripepi et al. (2011) also reported 2 DHNs (40 kDa and 42 kDa) in association with salinity stress in olives. Furthermore, DHNs are highly influential in salinity stress tolerance in Physcomitrella patens (Ruibal et al., 2012) and Suaeda asparagoides (Ayarpadikannan et al., 2012) . In some plant species, multiple DHN genes were discovered. Each one was found to have a unique expression profile associated with a different abiotic stress. Such plants include soybean (Yamasaki et al., 2013) and apple (Liang et al., 2012) , where 10 and 12 distinct DHN genes were found in the genome, respectively.
Sequence alignment between AhDHN and its homolog AcDHN revealed major differences (Figure 3) . In fact, considerable genetic diversity was detected between a group of A. halimus genotypes and A. canescens as revealed by ISSR DNA markers (unpublished data). This diversity was also confirmed by the phylogenetic tree (Figure 7) , highlighting the novelty of the AhDHN gene.
The overexpression of tomato DHN gene TAS14 was found to improve osmotic stress tolerance in transgenic tomatoes (Muñoz-Mayor et al., 2012) . A DHN gene from a halophyte such as saltbush (Sadder et al., 2013) to be even more effective in salinity tolerance than a gene from a glycophyte such as tomato (Demirkaya, 2014) . Therefore, AhDHN can be utilized in susceptible unrelated crops to elevate stress tolerance. It can also be transformed in related crop species from the family Amaranthaceae that are less salt-tolerant, e.g., sugar beet (Beta vulgaris), chard (B. vulgaris subsp. cicla) or spinach (Spinacia oleracea). This is likely to improve their performance under stress conditions.
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